I. INTRODUCTION
The important role that electromagnetic form factors play in our understanding of hadronic structure has been well documented for more than 50 years. The reason for their popularity is that they encode information about the shape of hadrons, and provide valuable insights into their internal structure in terms of quark and gluon degrees of freedom.
Most of the attention, both experimentally and theoretically, has focused on the electromagnetic form factors of the nucleon (see Refs. [1] [2] [3] [4] [5] for recent reviews). The electromagnetic form factors of pseudoscalar mesons, especially the pion, being the lightest QCD bound state, have also been studied extensively [6 -11] in lattice QCD. More recently, there is a renewed interest in calculating the pion form factor on the lattice [12 -18] . This is especially timely considering the new [19] and reanalysis of old [20] experimental data from JLab.
The vector meson form factors, on the other hand, have received less attention (see Refs. [21] [22] [23] [24] [25] for recent work). Of particular interest is the quadrupole moment of the meson, where theoretical determinations can disagree by as much as a factor of 2 [25] . We aim to resolve this issue by performing the first direct lattice calculation of the -meson quadrupole form factor. Charge and magnetic form factors are also calculated and from these we extract the relevant static quantities, namely, the mean square charge-radius and magnetic moment. We also analyze the dependence of light-quark contributions to these form factors on their environment and contrast these with a new calculation of the corresponding pseudoscalar-sector result.
Our aim is to reveal the electromagnetic structure of vector mesons and to study to what extent the qualitative quark model picture is consistent with quenched lattice QCD. Interestingly, it has been shown in a lattice calculation by Alexandrou et al. [26] that the distribution of charge in the vector meson is oblate, and therefore not consistent with the picture of a quark antiquark in relative S-wave. By calculating the vector meson quadrupole form factor we make a direct comparison with the findings of Ref. [26] .
For each observable we calculate the quark sector contributions separately. Using this additional information we examine the environmental sensitivity of the light-quark contributions to the pseudoscalar and vector meson charge radii. We also evaluate the dominance of the light quark contributions to the K and K . This paper builds on the preliminary work presented in Ref. [27] . In Sec. II A we introduce the theoretical formalism of meson form factors, including the techniques required to extract them from a lattice calculation. Section III contains details of our lattice simulation, while in Sec. IV we present and discuss our results for both pseudoscalar and vector mesons. Finally, in Sec. V we summarize our findings and discuss future work.
II. THEORETICAL FORMALISM

A. Meson form factors
Meson form factors are extracted from matrix elements involving the vector (electromagnetic) current
where Mp (Mp 0 ) denotes a meson state with initial (final) momentump (p 0 ). The momentum transfer is q p 0 ÿ p . For a pion, the matrix element in Eq. (1) is described by a single form factor 
where and 0 are the initial and final polarization vectors, respectively, and
The covariant vertex functions G 1;2;3 can be rewritten in terms of the Sachs charge, magnetic and quadrupole form factors [29, 30] ,
where m is the mass of the vector meson system calculated on the lattice and Q 2 =4m
2 . The charge q , magnetic moment , and quadrupole moment Q are then extracted from G C , G M , and G Q , respectively, at zero momentum transfer
The formulas for the K are exactly analogous.
B. Meson form factors on the lattice
In practice, we work with a Hermitian gamma-matrix representation in our lattice simulations and select the Pauli representation of Sakurai [31] for our correlation function construction. This representation utilizes a Euclidean-style metric, .
Since the Dirac and Pauli representations of the gamma matrices differ by factors of i in the spatial components, it is a simple matter to transform our Euclidean-time lattice correlation functions from the Pauli representation to the Dirac representation which incorporates a Minkowskistyle metric. In this way we may connect the Euclideantime correlation functions to the results of Sec. II A.
Thus, the matrix elements in Eqs. (2) and (3) e ÿipx 2 hjx 2 y 0ji:
Similarly for the vector mesons,
The three-point correlation function for the pseudoscalar meson is
Similarly the three-point function for the vector meson is
The Lorentz indices and are only present for the vector mesons, while is the index of the electromagnetic current. The ratios in Eqs. (11) and (12) are constructed in such a way as to remove the time-dependence and constants of normalization from the correlation functions at large time separations, t 1 and t 2 ÿ t 1 .
These ratios differ subtly from previous work [32] , in that we are explicitly enforcing the parity of the terms through the choice of momenta p 0 ; p and p; p 0 vs p 0 ; p and ÿp; ÿp 0 . This requires two three-point propagators (with momentum-transfer q and ÿq) for each configuration. However with the well established technique of averaging over U and U configurations [32, 33] , there is no additional cost.
-meson case
Since the pion has zero spin, the vertex is extraordinarily simple and takes the form given in Eq. (2). Here we show how this function is extracted from the ratio Eq. (11) by evaluating the correlation functions at large Euclidean times.
First we define the matrix elements as,
Here p and p are the couplings of the interpolator to the pion with momentump at the sink and source, respectively. The momentum dependence allows for the use of smeared fermion sources and sinks. The bar allows for different amounts of smearing at the source and sink.
By inserting a complete set of energy and momentum states into Eq. (13), we can show that at large Euclidean time,
Following the same treatment, one can show that the threepoint function Eq. (15) 
Substituting these expressions into Eq. (11) and using Eq. (2), the ratio R p 0 ; p simply reduces to
such that the large Euclidean time limits of the ratio R is a direct measure of F Q 2 up to kinematical factors.
Following [29] , we define the matrix element of the electromagnetic current for -meson in terms of the covariant vertex functions G 1;2;3 as in Eqs. (3) and (4) .
The analogues of the matrix elements in Eq. (17) are
The polarization vectors obey the transversality condition
because the vector meson current is a conserved current.
The evaluation of the two-and three-point functions proceeds as for our discussion of the pion. However the completeness relation includes a sum over spin-states. Using the transversality condition Eq. (22) 
Inserting the above expressions into the ratio in Eq. (12), together with our choice of momentum used in the simu-
) and p m ; 0; 0; 0, it is possible to express R in terms of the Sachs form factors,
We remind the reader that the square root in Eqs. (11) and (12) spoils the covariant/contravariant nature of R and no meaning can attached to the location of these indices. The notation is simply a reflection of the close connection to G , where the index position is significant due to our use of the common Bjorken and Drell notation to express the phenomenology of vector meson form factors.
The individual form factors are isolated as follows:
While we have used the subscript to denote a vector meson, the results are applicable to vector mesons in general, including the K for example.
C. Extracting static quantities
The mean squared charge radius hr 2 i is obtained from the charge form factor through the following relation,
To calculate the derivative the monopole form is used,
is referred to as the monopole mass. Inserting this form into Eq. (28) and rearranging provides
valid for quantities with G C Q 2 0 1. As mentioned in Sec. II A, the charge [Eq. (8)], magnetic moment ([Eq. (9)], and quadrupole moment [Eq. (10)] can be extracted from the Sachs form factors at zero momentum transfer. Since we perform our calculations at a single, finite value of Q 2 , we will need to adjust our results to zero momentum transfer.
From studies of nucleon properties, it is observed that G M and G C have similar Q 2 -scaling at small Q 2 [34] . In the following, we shall assume that this scaling also holds for quark contributions to mesons. If G C 0 1, we have
Whilst a similar scaling could be used to relate our quadrupole form factor to the quadrupole moment, we believe that the form factor at our small finite Q 2 ( ' 0:22 GeV) will be of greater phenomenological interest. We note that for a positively charged meson a negative value of G Q corresponds to an oblate deformation.
III. METHOD
The electromagnetic form factors are obtained using the three-point function techniques established by Leinweber, et al. in Refs. [32, 35, 36] and updated for smeared sources in Ref. [33] . Our quenched gauge fields are generated with the Oa 2 mean-field improved Luscher-Weisz plaquette plus rectangle gauge action [37] using the plaquette measure for the mean link. We use an ensemble of 379 quenched gauge field configurations on 20 3 40 lattices with lattice spacing a 0:128 fm. The gauge field configurations are generated via the Cabibbo-Marinari pseudoheat-bath algorithm [38] using a parallel algorithm with appropriate link partitioning [39] .
We use the fat-link irrelevant clover (FLIC) Dirac operator [40] which provides a new form of nonperturbative Oa improvement [41] . The improved chiral properties of FLIC fermions allow efficient access to the light quarkmass regime [42] , making them ideal for dynamical fermion simulations now underway [43] . For the vector current, we an Oa-improved FLIC conserved vector current [33] . We use a smeared source at t 2 8. Complete simulation details are described in Ref. [33] . Table I provides the -values used in our simulations, together with the calculated pseudoscalar and vector meson masses. While we refer to m 2 in our figures and tables to infer the quark masses, we note that the critical value where the pion mass vanishes is cr 0:131 35. Importantly the vector mesons remain bound at all quark masses considered in this calculation due to finite volume effects. That is, the mass of the vector mesons is less than the energy of the lowest lying multihadron state with the appropriate quantum numbers.
The strange quark mass is chosen to be the third heaviest quark mass. This provides a pseudoscalar mass of 697 MeV which compares well with the experimental value of 2M 2 K ÿ M 2 1=2 693 MeV motivated by chiral perturbation theory. Two vector meson interpolating fields 
The error analysis of the correlation function ratios is performed via a second-order, single-elimination jackknife, with the 2 per degree of freedom ( 2 dof ) obtained via covariance matrix fits. We perform a series of fits through the ratios after the current insertion at t 14. By examining the 2 dof we are able to establish a valid window through which we may fit in order to extract our observables. In all cases, we required a value of 2 dof no larger than 1.5. The values of the static quantities quoted in this paper on a per quark-sector basis correspond to values for single quarks of unit charge.
IV. RESULTS
A. Charge radii
We begin the discussion of our results with the charge radii of the vector and pseudoscalar mesons. From the quark model we would expect a hyperfine interaction between the quark and antiquark of the form Fig. 1 we show the charge radii of the vector and pseudoscalar mesons. For comparison the charge radius of the proton is also shown. Indeed we find that the charge radii of the vector mesons are consistently larger than the pseudoscalar mesons, and in fact similar to the charge radii of the proton, even at heavier quark masses. This is contrary to earlier lattice simulations with relatively small spatial extent [44] , that have suggested that the , and proton should have a very similar RMS charge radius at larger quark masses. It is possible that the agreement obtained in the previous study reflects finite-volume effects attendant with the use of a small spatial volume.
By comparing the results for the up-quark contributions to the and K ( and K ) charge radii, it is possible to gain insights into the effect that the presence of a heavier strange-quark has on the lighter up-quark in pseudoscalar (vector) mesons. Figs. 2 and 3 show the quark sector contributions to the charge radii (hr 2 i) of the pseudoscalar and vector mesons, respectively. The quark sector contributions to the charge radii for the pseudoscalar and vector meson are recorded in Tables II and III distribution of up-quark charge in the compared to the up-quark in the K at the smaller quark masses. The broadening of the charge distribution in the is consistent with the hyperfine repulsion discussed above. The strange quark in the K shows a particularly interesting environment sensitivity. While the strange quark mass is held fixed, the distribution broadens as the light-quark regime is approached. This is consistent with the prediction of enhanced hyperfine repulsion as one of the quarks becomes light.
The strange neutral pseudoscalar and vector meson mean squared charge radii obtained from the weighted sum of the quark sector radii are displayed in Fig. 4 . For the neutral strange mesons, we see a negative value for hr 2 i, indicating that the negatively charged d-quark is lying further from the center of mass on average than the s. We should expect just such a behavior for two reasons, both stemming from the fact that the s quark is considerably heavier than the d: the center of mass must lie closer to the s, and the d-quark will also have a larger Compton wavelength. Of course with exact isospin symmetry in our simulations, the nonstrange charge neutral mesons have a zero electric charge radius.
To measure the environmental sensitivity of the lightquark sector more precisely, in Figs. 5 and 6 we show a fit to the ratio of the light-quark contributions to the pseudoscalar and vector mesons charge radii, respectively. The difference is striking: for the pseudoscalar case we see no environment-dependence at all, whereas in the vector case we see that the presence of a strange quark acts to heavily suppress the light charge distribution. This is the effect one predicts from a quark model, where the large mass of the s would act to suppress the hyperfine repulsion between the quark and antiquark. It is also qualitatively consistent with effective field theory where the couplings of the light mesons are suppressed by the presence of the strange quark.
B. Magnetic moments
In Fig. 7 we present our results for the magnetic moments of the vector mesons. At the SU3 flavour limit, where we take the light quark flavours to have the same mass as the strange quark, quark model arguments suggest the magnetic moment for a should be ÿ3 times the strange magnetic moment of the (assuming no environmental dependence). According to the particle data group [45] , the magnetic moment of the is ÿ0:613 N . Therefore we would naively expect a value of 1:84 N for the magnetic moment of the , which is consistent with our findings. In an earlier study, Anderson et al. [46] argued that the magnetic moment of the -meson in natural magnetons (otherwise called the g-factor) should be approximately 2 at large quark masses. Converting our result to natural magnetons, we observe in Fig. 8 that our calculation of the -meson g-factor (g ) is fairly consistent with this. At light quark masses, however, we do see some evidence of chiral curvature, which would indicate that the linear chiral extrapolations of that paper should be considered with caution.
In Fig. 9 we present the quark sector contributions to the vector meson magnetic moments, the data is recorded in Table IV . Here we observe a similar scenario to that observed earlier in the charge radius discussion, namely, that the u-quark contribution to the K is consistently larger than the contribution from the heavier s-quark. We also find that the contribution of the u-quark to the magnetic moment of a vector meson is suppressed when it is an environment of a heavier s-quark compared to when it is in the presence of another light quark. This is further supported when we consider the ratio of the contributions of a u-quark to the magnetic moments of the and K mesons, Fig. 10 . This ratio is clearly greater than 1 below the SU3 flavour limit and is increasing for decreasing u-quark mass.
The magnetic moment of the vector meson, like the RMS charge radius, shows considerable environment dependence in the quark sector contributions. The larger contribution of a u-quark in a relative to a K is consistent with what we have already observed with the RMS charge radius, as follows: since hr 2 i is larger for the u-quark in a meson than for the u-quark in a K , the effective mass is reciprocally smaller for the u-quark in a . This smaller effective mass gives rise in turn to a larger magnetic moment. Figure 10 shows this pattern. Figure 11 presents our results for the magnetic moment of the neutral K 0 meson. As the d-quark becomes lighter than the s we see the magnetic moment exhibiting a very linear negative slope. The magnitude of the magnetic moment is quite small, but clearly differentiable from zero everywhere except at the SU3 flavour limit where symmetry forces it to be exactly zero.
C. Quadrupole form factors
The quadrupole form factors of the and K mesons are shown in Fig. 12 . We find that the quadrupole form factor is less than zero, indicating that the spatial distribution of charge within the and K mesons is oblate. This is in accord with the findings of Alexandrou et al. [26] who observed a negative quadrupole moment for spin 1 -meson states in a density-density analysis. We note that in a simple quark model, a negative quadrupole form factor requires that the quarks possess an admixture of sand d-wave functions.
The quark sector contributions to the quadrupole form factor are shown in Fig. 13 . The corresponding data is contained in Table V . The flavour independence of the results is remarkable.
We also find that the ratio of the light-quark contributions to the quadrupole form factor, shown in Fig. 14, is consistent with one within our statistics. In Fig. 15 , we The lattice data for the quark sector contributions to the charge form factor is contained in Tables VI and VII for the pseudoscalar and vector mesons, respectively. The magnetic and quadrupole form factors of the vector mesons is contained in Tables VIII and IX respectively.
V. CONCLUSIONS
We have established a formalism for determining the charge, magnetic and quadrupole Sachs form factors of vector mesons in lattice QCD. For the first time the electric, magnetic, and quadrupole form factors of the light vector mesons have been calculated. The electric form factor of the pseudoscalar mesons have also been calculated.
With a large lattice volume and high statistics we have resolved a clear difference between the charge radii of the pseudoscalar and vector mesons. We argue that this is consistent with quark model predictions. Furthermore, we find significant environmental sensitivity of the lightquark contributions to the charge radii of the vector mesons.
We also presented a calculation of the magnetic moments of the vector mesons. We found that the magnetic moment of the was consistent with the quark model predication of 1:84 N at the SU3 flavour limit. We determine that there is also an environmental sensitivity in the magnitude of the light-quark contributions to the charged vector meson magnetic moments. We argue that this is consistent with the environmental sensitivity in the lightquark contributions to the charge vector meson charge radii.
Finally, we have determined that the quadrupole form factor for a charged vector meson is negative in quenched Lattice QCD. This is consistent with previous calculations using density-density analysis. We find that the ratio of quadrupole moment to mean square charge radius is 1:30, so the deformation is small but statistically significant.
